The investiptions were focussed on the question as to whether roots of intact maize plants (Zea mays L. cv Blizzard) release protons into deionized H20. Plants in the six to seven leaf stage depressed the pH of deionized H20 from 6 to about 4.8 during an experimental period of 4 hours. Only one-third of the protons released could be ascribed to the solvation of CO2 in H20. The (1, 3-5, 17, 22, 28) and are of crucial relevance for the membrane transport of organic and inorganic ions (9, 10, 14, 22, 24) . Various authors have shown that plant tissues are capable of extruding H+ into the outer medium (2, 6, 8, 14) . Most experiments concerning net release of H+ were carried out with root tips or other excised plant parts. Experiments using whole plants suggested that net H+ release by roots was strongly dependent on the nitrogen form with which the plants were fed, NH4-N nutrition resulting in a net release of H+ while nitrate nutrition led rather to a pH increase in the nutrient solution (l1, 19). These pH changes in the nutrient solution associated with the form of nitrogen nutrition can be explained in terms of a plasmalemma-located proton pumping ATP-ase decreasing the pH of the nutrient solution and by the uptake of protonated anions mediated by a protonated anion carrier (16, 21, 29) resulting in a pH increase. There is much evidence in the literature that the release of H+ by plant tissues due to a plasmalemma-located ATPase is stimulated by K+ (17, 25 
species. Such a capability would enable roots to mobiize plant nutrients from a soil initially free of soluble nutrients. Protons extruded by a plasmalemma-located H+ pump may be adsorbed in the free space by indiffusible anions where they may replace other cations. Therefore, a release of H+ from roots into the outer medium implies that the quantity of H+ extruded is high enough to overcome the H+ buffer power of the apoplast.
To our knowledge, it has not yet been proven that changes in the pH of nutrient solutions with whole plants are caused by ATPase activity. Also the question as to whether plant roots can secrete H+ into deionized H20 has not been investigated except for work by Mengel and Malissiovas (18) who found that roots of intact vine plants were capable of releasing H+ into deionized H20. The H+ secretion was higher in light than at dark. The authors suggested that this H+ release was brought about by a plasmalemma-located ATPase. Direct evidence for this assumption, however, was not provided.
In the following, experimental results are presented showing that roots of entire maize plants are able to secrete H+ into deionized H20 without a concomitant net uptake of cations. Evidence is provided that this H+ extrusion is associated with an ATPase.
Investigations during the last decade have yielded much evidence that H+ pumps driven by ATP (ATPases) are an integral part of plant membranes (1, 3-5, 17, 22, 28) and are of crucial relevance for the membrane transport of organic and inorganic ions (9, 10, 14, 22, 24) . Various authors have shown that plant tissues are capable of extruding H+ into the outer medium (2, 6, 8, 14) . Most experiments concerning net release of H+ were carried out with root tips or other excised plant parts. Experiments using whole plants suggested that net H+ release by roots was strongly dependent on the nitrogen form with which the plants were fed, NH4-N nutrition resulting in a net release of H+ while nitrate nutrition led rather to a pH increase in the nutrient solution (l1, 19). These pH changes in the nutrient solution associated with the form of nitrogen nutrition can be explained in terms of a plasmalemma-located proton pumping ATP-ase decreasing the pH of the nutrient solution and by the uptake of protonated anions mediated by a protonated anion carrier (16, 21, 29) resulting in a pH increase. There is much evidence in the literature that the release of H+ by plant tissues due to a plasmalemma-located ATPase is stimulated by K+ (17, 25) . Lin (16) (26) . S042-and H2P04-were determined as described by Zimmerman (31) and Murphy and Riley (20), respectively. Photometric measurements were carried out using a Zeiss photometer type PM6. CO2 was analyzed using a CO2 electrode (model 95-02, Orion Research, 1982). Samples were taken directly after the pH determination and stored for analysis in flasks which were sealed with silicone. For the electrical measurements, a Leitz-micromanipulator was used for the controlled movement of the microelectrode. Electrodes were pulled on a David Kopf vertical instrument from glassfiber containing capillary glass (Hilgenberg) pipettes and filled with 3 M KCI. The Ag/AgCl-electrodes were connected to a high impedance amplifier (Keithley 610 B) and signs were recorded on a pen chart. A main root was fed through a flexible pipe to a plexiglass cuvette where the root tip was surrounded by a constantly flowing incubation medium thus preventing an accumulation or depletion of ions. Before starting the measurements, roots were incubated in nutrient solution for 2 h. Determinations were repeated at least twice using different plants.
RESULTS
Maize plants transferred from nutrient solution to deionized H20 after thoroughly washing the roots in deionized H20 decreased the pH of the external medium from 5.9 to 4.8 ( Fig. 1 ) apparently because of secretion of H+. This is in contrast to the control pots without plants in which the pH of the deionized H20 only decreased from 6.0 to 5.8, probably due to solvation of atmospheric CO2. The pH decrease which proved to be reproducible in other experiments must thus be attributed to the Fig. 1 ). Calcium sulfate (0.1 mM) significantly increaed -the net H+ efflux from 26.0 to 46.0 umol/pot compared with deionized H20 (Fig. 2) .
As shown in Figure 3 , CO2 merely played a minor role in the acidification of the medium. Aeration after removing the plants resulted in a fall in CO2 concentration from 164 to 4lAM level comparable to that of the control pots without plants (39 Mm). This removal of CO2 brought about a pH rise from 5.0 to 5.2 which was lower than the pH in the control pots, while the CO2 concentrations in the control pots and in the pots with the plants was almost the same. According to these results CO2 contributed to only about one-third (18.5 ,umol/pot) of the net H+ release (45 umol/pot).
Inhibition of metabolism as well as possible effects on membrane fluidity by low temperature (+2°C) revealed that H+ secretion into deionized H20 was probably metabolically linked whereas K4, Cl-, N03-, and S042-leaked out ofthe roots (Table  I) . At 23°C, these ion species were released at a significantly lower rate. For H4, the reverse was true. It was hardly released at low temperature while at 23°C a substantial amount of H4 was apparently secreted into the outer solution. Table II shows the H4 release from roots of whole maize plants into 3 mM solutions of KCI, NaCl, CaCl2, and MgCl2 in comparison with the H4 release into deionized H20. It is evident that all cation species significantly increased the H4 secretion, K4 having the strongest effect.
The effect of vanadate, an inhibitor of plasmalemma ATPase (30) , is shown in Figure 4 . Vanadate (0.5 mM) significantly depressed the acidification of the medium by maize roots. The opposite effect was obtained with 9 ,AM fusicoccin (Fig. 5) (Fig. 6b) .
The diffusion potential in nutrient solution was determined by addition of 1 mm NaCN which led to an instant depolarization of about 25 mv (Fig. 6c) . 
DISCUSSION
The results shown in Figure 1 have been found in several experiments. The decrease in pH of the deionized H20 by roots of intit maize plants was therefore not an accidental process but rather reflects the tendency of the root to release H+. This statement is supported by the finding that the repeated replacement of the outer medium (deionized H20) resulted in a pH decrease of the newly supplied water in all cases. In not only the experiments shown here but also in those not presented in this publication, roots of intact maize plants at the 6 to 7 leaf stage depressed the pH of the deionized H20 from about pH 6 to a level of about 4.8 to 5.0. This pH decrease cannot be explained by the solvation of C02 in water. As shown in Figure 3 , roots may increase the C02 concentration ofthe outer medium due to respiration. Removal of most of this CO2 by aeration and thus depressing the concentration from 164 uM C02 to 41 AM C02 resulted in only a slight pH increase. The pH level thus attained was much lower than the pH which corresponded to a concentration of 41 uM C02.
Table I provides evidence that the H4 release is temperature dependent. At 2°C the H4 release was very low while K4 was released at a high rate. At 23C the situation was reversed. From this finding one may conclude that the H4 release is metabolically controlled. The anions released probably followed the electrochemical potential gradient, since substituting the nutrient solution for H20 means increasing the concentration gradient between the ions of the outer medium and the ions in the root cells. In addition, the replacement of the nutrient solution by H20 led to an increase of the electrical potential difference from about -120 to -190 mv (Fig. 6a) . Hence, the electrochemical gradient for the anions was shifted in a way to promote the leakage of anions out of the root cells. The H4 concentration of the outer medium (pH 6) was about 10 times higher than the H4 concentration of the cytoplasm which is considered to be a pH of about 7 (23) . Since the root cells were also negative as compared with the outer medium, the physical driving force for (Table I) is supposed to be a passive process according to the change in the K4 concentration gradient when substituting the nutrient solution with a K4 concentration of 4 mm for H20. The decrease in the membrane potential (Fig. 6a) associated with the substitution of the nutrient solution for deionized H20 may therefore be explained as a diffusion potential resulting from the diffusion of K4 out of the root cells (24) . This interpretation is in agreement with recent results of Ullrich-Eberius et al. (28) who found that the membrane potential under anaerobic conditions is mainly a diffusion potential caused by the diffusion of K+ out of the cell. At 2°C virtually no H4 was secreted by the roots. Low temperature as well as the application of NaCN inhibit respiration which, because of a lack of ATP, will result in a depolarization of the membrane as actually was shown for NaCN - (Fig. 6c) . This finding is in agreement with results of Ullrich-Eberius et al. (28) and Lew and Spanswick (13) who reported a membrane depolarization when anaerobic conditions or NaCN were applied. The leakage of K4 found at low temperature (Table I) is thus supposed to be a consequence of the membrane depolarization. The net release of Cl-, N03-, and S042 at low temperature was significantly higher than at 23°C (Table I) . Several researchers have shown that the uptake of anions is related to the electrical potential difference across the membrane (15, 16, 21, 27) . Uptake of anions probably occurs with a cotransport of H4 mediated by a protonated carrier, which is driven by the proton motive force. The high net release of anions at low temperature may thus result from an inhibition of proton release.
From Table II , it can be seen that various cation species considerably stimulated the H+ secretion. This stimulation could be explained in terms of a H+/cation antiporter. Since, however, net H+ release was also observed without a net uptake of cations (Tables I and II, Fig. 1 ) one may question whether the ATPase activity is associated with an H+/cation exchange. As shown in Figure 6a , substituting the nutrient solution for H20 resulted in an immediate increase in the electrical potential difference. This means that from a thermodynamic approach more energy is required to pump H4 out of the cell into the apoplast and on the other hand the re-entry of H4 into the cell is favored by a high electrical potential difference (24) . A hindered H4 pump and a favored H4 influx into the cell result in a low net release of H4 as shown in the absence of cations (Table II) . Highest H4 release was found in the presence of K4 in the outer solution. Gallagher and Leonard (8) and Travis and Booz (25) also reported that K4 stimulated the net release of H4. Potassium is the cation species which generally is taken up by maize at the highest rates as compared with Ca2", Mg24, and Na4. Uptake of K4 as well as the uptake of other cation species should result in a depolarization of the membrane and hence favor the net release of H+ ( 17) .
This actually has been shown for Ca24 which decreased the electrical potential difference (Fig. 6b) and promoted the net release of H+ (Fig. 2) . The effect of CaS04 on H+ extrusion must be attributed to Ca2" since we found that CaSO4 (Fig. 2) as well as CaC12 (Table II) promoted net H+ secretion. Membrane depolarization by CaS04 (Fig. 6b) might be explained by a H+/ S042-cotransport. But this process cannot account for an increased net release of HI, rather the reverse should be the case.
Ca24 is supposed to decrease the membrane permeability for HI which would result in a hindered influx of H+ and thus increase the net H+ release. Such a process, however, should lead to an increase in the membrane potential difference. We found the reverse, Ca2+ decreased the membrane potential difference (Fig.  6b) . This decrease probably resulted from the uptake of Ca2+ into the cell. The decrease of the membrane potential difference should have an impact on the net release of H+ for two reasons: first, the driving force for the reflux of H+ into the cell is lowered, and second, the energy required for the 'uphill transport' of H+ out of the cell is lowered, too. The same is true for the effect of other cation species as considered above.
Our data do not support an H+/K+ antiport as suggested by Lin (14) since not only K+ but also Na+, Ca2+, and Mg2+ had a significant effect on the net release of H4. The replacement of the water always enabled the plants to secrete further amounts of H+ (Fig. 1) Fig. 1 ). One may speculate whether K+ released from the cytoplasm into the free space of the roots will be reabsorbed and thus drive a H+/K+ antiport in a system with deionized H20. Such a mechanism, however, would not explain the favorable effect of Ca2", Mg2+, and Na+ on the H4 release (Table II) . Our results do not rule out such an antiport but since also Ca2, Mg2+, and Na+ increased the H+ release significantly it seems unlikely. This assumption is shared by other authors (12, 17, 24) . Figure 4 shows that the addition of vanadate to the outer medium significantly decreased the H+ release, while, as shown in Figure 5 , the addition of fusicoccin stimulated the H+ extrusion. Vanadate is known to inhibit the plasmalemma-located ATPase (7) while fusicoccin has an activating influence on ATPase ( 17) . These results together with the data shown in Figure 1 and Table I therefore strongly support the conclusion that the H+ release by roots of intact maize plants into deionized H20 originated from an ATP-driven H+ pump located in the plasmalemma.
The results obtained with whole maize plants are in good agreement with many results found with excised roots or other excised plant parts. It was shown that the roots of intact maize plants were capable of secreting H+ into deionized H20 and that this H+ release is related to a plasmalemma-located ATPase. The net release of H+ was not associated with a net uptake of cations. The ecological importance of this process was already emphasized in the introduction. It means that roots growing into a soil without soluble nutrients may dissolve nutrients by decreasing the pH of the rhizosphere. Since this effect is related to the activity of the membrane ATPase, the energetic status of the plant has a crucial importance for the capability of roots to mine the soil for nutrients.
